Abstract. Inhaled recombinant secretory leukocyte protease inhibitor (rSLPI) has shown potential for the treatment of inflammatory lung conditions. Rapid inactivation of rSLPI by cathepsin L (Cat L) and rapid clearance from the lungs has limited clinical efficacy to date. Previous studies by us have shown that encapsulation of rSLPI within1,2-dioleoyl-sn-glycero-3-[phospho-L-serine]/cholesterol (DOPS/Chol) liposomes protects rSLPI against Cat L inactivation in vitro. Liquid DOPS-rSLPI preparations were found to be unstable upon long-term storage and nebulisation. The aim of this study was therefore to develop a method of manufacture for preparing DOPS-rSLPI liposomes as a dry powder for inhalation. DOPSrSLPI dry powders were lyophilised and subsequently micronised with a novel micronisation aid. The effects of formulation and processing on rSLPI stability, activity, and uniformity of content within the powders were characterised. Using D-mannitol as the micronisation aid, dry powder particles in the inhalable size range (<5 μm) were prepared. By optimising process parameters, up to 54% of rSLPI was recovered after micronisation, of which there was no significant loss in anti-neutrophil elastase activity and no detectable evidence of protein degradation. Aerosolisation was achieved using a dry powder inhaler, and mass median aerodynamic diameter (MMAD) was evaluated after collection in a cascade impactor. Aerosolisation of the DOPS-rSLPI dry powder yielded 38% emitted dose, with 2.44 μm MMAD. When challenged with Cat L post-aerosolisation, DOPS-rSLPI dry powder was significantly better at retaining a protective function against Cat L-induced rSLPI inactivation compared to the aqueous DOPS-rSLPI liposome dispersion and was also more stable under storage.
INTRODUCTION
Local drug delivery to the lungs is an effective means of treating a range of pulmonary diseases such as asthma, cystic fibrosis, bronchitis, and emphysema. Inhalation therapy is traditionally reserved for delivery of smaller molecules, such as corticosteroids and bronchodilators; however, recent developments in aerosol science have made possible the pulmonary administration of proteins and peptides for both systemic and local therapeutic effect, and a range of peptides and proteins is currently being investigated for inhalation including recombinant secretory leukocyte protease inhibitor (rSLPI). rSLPI has been investigated as a potential therapeutic for inflammatory lung disease (1) (2) (3) (4) (5) . Current anti-inflammatory treatments such as inhaled corticosteroids and sodium cromoglycate are used to alleviate inflammation in the lungs; however, studies have demonstrated that use of corticosteroids in particular shows no reduction in disease progression (6, 7) .
Delivery of rSLPI directly to the lungs via inhalation increases targeting and minimises systemic effects. This method of delivery has previously been demonstrated to exhibit an increased half-life over intravenous administration (8, 9) . rSLPI has been administered via inhalation and intratracheal instillation in a number of in vivo animal and human studies (4, 5, 10, 11) , but the success of inhaled rSLPI therapy has been limited by rapid clearance (12) and extensive degradation by proteases, particularly cathepsins (13) , necessitating repeated dosages every 12 h in order to maintain therapeutic effectiveness (4) .
Liposomes have advantages over other potential vehicles for lung targeting, including their ability to facilitate sustained release of their cargo in the lungs, to increase drug residence time in the lungs (14) (15) (16) , improve stability of the drug both in vitro and in vivo, biocompatibility with lung surfactant components of which 85% is phospholipid-based (17, 18) , local targeting providing increased potency, and reduced toxicity (19) (20) (21) (22) . In addition, the high drug loading capacity of liposomes and the low excipient to drug ratio of lipid-based carriers result in less excipient accumulation in the lungs after repeated administration compared to polymer-based carriers (23) . Their application in the delivery of peptides or proteins to the lungs, however, has yet to be fully explored. Liposomeencapsulated rSLPI for inhalation was prepared by us in order to protect rSLPI from cathepsin degradation and to prolong its residence time in the lungs. It was demonstrated that encapsulation of rSLPI within liposomes composed of 1,2-dioleoyl-sn-glycero-3-[phospho-L-serine]/cholesterol (DOPS/Chol) protects rSLPI against cathepsin L (Cat L) inactivation in vitro (24) . We have tested this delivery system and assessed it to be biocompatible in vitro using the Calu-3 airway epithelial cell line and U937 monocytes (24) and bioactive in vivo (unpublished data). The aqueous dispersion of DOPS-rSLPI liposomes was found to be unstable during long-term storage and nebulisation; therefore in this current study, we aimed to prepare a DOPS-rSLPI dry powder for inhalation in order to overcome the failings of the aqueous dispersion.
Pulmonary delivery has seen a recent surge in interest in dry powder inhaler (DPI) technology, motivated primarily by the phase-out of ozone-depleting chlorofluorocarbons in metered dose inhalers, and benefits associated with DPIs such as high patient compliance (25, 26) , high dose carrying capabilities (27) , and increased drug stability (26, 28) . Dry powders are of particular interest for the inhalation of proteins. Classic nebulisation methods such as jet nebulisation and ultrasonic nebulisation can lead to protein degradation (29) . A dry powder formulation offers a means of improving protein drug stability during aerosolisation by using a dry powder inhaler device that would not subject the protein formulation to the stresses commonly associated with nebulisation. In addition, proteins are more stable in a dry powder form, and so a dry powder product allows for long-term storage (30) (31) (32) .
As well as maintaining a high level of rSLPI activity, a dry powder preparation can also be of benefit in maintaining the quality of liposome vesicular carrier systems during storage. Liposomes are prone to instability when stored as aqueous dispersions due to lipid degradation (33) (34) (35) and/or liposome aggregation and fusion that can ultimately lead to drug leakage, particularly of water-soluble drugs such as rSLPI (36, 37) . Previous studies carried out by us on the DOPS-rSLPI aqueous dispersion have indicated that there is a degree of liposome instability and rSLPI leakage overtime (24) . Reformulating aqueous liposome dispersion as a dry powder can improve the storage stability of liposome dispersions by decreasing the tendency for liposome aggregation and fusion and thereby significantly increase shelf life (37) (38) (39) (40) (41) (42) (43) . Nebulisation of aqueous liposome dispersions can also prove problematic. For example, jet nebulisation often results in disruption of the liposomal bilayers culminating in the leakage of encapsulated drug (24, 44, 45) . Liposome formulations containing cholesterol and high concentrations of phospholipids tend to be quite viscous (46, 47) and as such are not nebulised reproducibly using ultrasonic technology (48) . Therefore, aerosolisation of liposomes in a powder form avoids the disruption of liposome bilayers often observed during nebulisation. Another important advantage associated with the use of a dry powder is the higher pulmonary deposition attainable with dry powder inhalers, typically 50-75%, compared to 20-25% pulmonary deposition achievable with nebulisation (18) .
The aims of this study were therefore to develop a method of manufacture for the preparation of DOPS-rSLPI liposome dry powder for inhalation. DOPS-rSLPI dry powder was prepared by lyophilisation of the liposomeencapsulated rSLPI and subsequent micronisation of the powder with a micronisation aid. The effects of formulation and processing on uniformity of content, rSLPI activity, liposome integrity, rSLPI leakage, and liposome size stability were characterised. Aerosolisation was carried out using a dry powder inhaler, and in vitro mass median aerodynamic diameter (MMAD) after collection in a cascade impactor was evaluated. The benefits of the DOPS-rSLPI DPI formulation compared to the DOPS-rSLPI aqueous dispersion under conditions of storage and aerosolisation were evaluated.
MATERIALS AND METHODS

Materials
The following were the materials used: cholesterol and DOPS (Avanti Polar Lipids® Inc.), recombinant human rSLPI was a gift from Amgen® 
Liposome Preparation and Characterisation
DOPS/Chol liposomes were prepared by the conventional thin film hydration procedure. Briefly DOPS was mixed with cholesterol at a ratio of 7:3 and dissolved in chloroform/methanol (2:1). Solvent was removed by evaporation using a rotary evaporator. rSLPI was incorporated into the formulation in a rehydrating buffer (phosphate buffered saline (PBS), pH 7.4). Size reduction of the liposome suspension was achieved by extrusion using a mini-extruder (Avanti Polar Lipids Inc.) through 200 nm pore size polycarbonate membranes. Non-entrapped protein was removed by centrifugation at 45,000 rpm at 4°C for 40 min. The supernatant was removed and the pellet washed with PBS and re-centrifuged. This step was repeated for a further two washes.
The size distribution of the liposomes was determined by dynamic light scattering (HPPS®, Malvern Instruments) and the encapsulation efficiency of rSLPI in DOPS/Chol liposomes was determined, after disruption of the liposomes, by reverse phase-HPLC (RP-HPLC). Briefly, liposomes were disrupted via 0.5% Triton X and loaded onto a Vydac narrow bore C 18 column (#218TP5205, Vydac®, Hesperia, California) for RP-HPLC analysis. Gradient elution occurred over 40 min using a mobile phase of water and acetonitrile with 0.1% trifluoroacetic acid and rSLPI. Area under the curve was analysed at 214 nm. The supernatant samples were also analysed by RP-HPLC. % EE was defined as the rSLPI encapsulated in liposomes as a percentage of loading dose. The Stewart assay was used to determine the concentration of phospholipid present in the liposomal formulations. Briefly 2 ml chloroform and 2 ml ferrothiocyanate reagent and 0.1 ml of liposome sample were vortexed vigorously for 1 min. The resultant mixture was centrifuged at 1,000 rpm for 5 min and the lower chloroform layer removed by glass pipette and measured at 485 nm. Based on a standard curve for the appropriate lipid, the concentration of phospholipid present in the sample was calculated.
rSLPI Stability and In Vitro Activity
To ensure that rSLPI had not been cleaved during processing western blot analysis was used to ensure that the molecular weight of rSLPI had not been altered. Samples and standards containing 125 ng rSLPI were electrophoresed on 15% polyacrylamide gel and blotted onto nitrocellulose. After blocking in I-block®, rSLPI was detected using affinity purified rabbit anti-SLPI polyclonal IgG (1:1,000 in I-block) for 1 h followed by incubation with goat anti-rabbit IgG-HRP antibody (1:7,500) for 1 h. Development was carried out using SuperSignal West Pico® chemiluminescent substrate kit (13) .
Activity of rSLPI was assayed by measuring its inhibition of human neutrophil elastase (NE) activity on the substrate N-methoxy-succinyl-Pro-Ala-Ala-Val-p-nitroanilide. rSLPI was incubated with NE at room temperature for 5 min. Upon addition of the substrate, the change in absorbance (ΔAbs) at 405 nm was measured from T 0 to T 5 min (11) .
Dry Powder Liposome Preparation
Liposome Lyophilisation
Liposomes were snap-frozen in liquid nitrogen and lyophilised in a bench-top freeze dryer (Labconco®) for approximately 48 h at −50°C and 0.035 mBar. Lyophilised liposomes were stored in a desiccator at room temperature until required. Residual moisture content of lyophilised DOPS-rSLPI liposomes was assessed using Karl Fisher analysis.
Liposome Milling
Jet milling was used to micronise lyophilised liposome powders. Micronisation was carried out under nitrogen gas using the MC One® jet mill (Jet Pharma Group®) operated at seven bar venturi pressure and five bar ring pressure. Optimisation of liposome micronisation was facilitated by the addition of D-mannitol prior to milling as the micronisation aid.
Powder Characterisation
Phospholipid Assay
The Stewart assay was used to determine the concentration of phospholipid present in the liposomal formulations (49) .
rSLPI Quantification
To assess the uniformity of rSLPI distribution within the liposome powder the European Pharmacopoeial method (Ph. Eur. method 2.9.6; B.P. Vol II 1998 Appendix XII H A201) was applied. Ten random samples of each powder were taken. Liposome powders were rehydrated with PBS, disrupted using Triton X 0.5% v/v and assayed for rSLPI content by RP-HPLC as before.
Particle Size Analysis of Powders
Particle size analysis was carried out both before and after micronisation by laser diffraction using the Scrirocco® dry dispersion chamber (Mastersizer 2000®, Malvern Instruments). Particle size distribution was expressed as the span. Liposome powders were imaged by scanning electron microscopy (SEM) before and after micronisation. The sample was mounted onto aluminium stubs and sputter coated with a 50-100-A layer of gold. The liposomes were imaged using a Hitachi S4300 scanning electron microscope at an accelerating voltage of 10 kV.
Activity and Stability of rSLPI after Powder Preparation
Leakage of Protein from Dry Powder Preparations after Resuspension
DOPS-rSLPI liposome powder was rehydrated with PBS and ultracentrifuged at 45,000 rpm for 40 min at 4°C. The concentration of rSLPI present in the supernatant (nonencapsulated fraction) was determined by RP-HPLC. The concentration of rSLPI encapsulated in DOPS/Chol liposomes was assayed by first disrupting the liposomes using Triton X 0.5% v/v followed by RP-HPLC analysis as before. The percentage of rSLPI leaked from liposomes was calculated as a percentage of that originally encapsulated.
Western Blot Analysis of rSLPI
To ensure the molecular weight of rSLPI had not been altered by lyophilisation and micronisation, western blot analysis was carried out as before.
Anti-Neutrophil Elastase Activity and Cathepsin Challenge of DOPS/rSLPI Dry Powder
Before testing rSLPI activity, liposome powders were rehydrated with PBS and disrupted with Triton X detergent (0.5% v/v) to release rSLPI from liposome encapsulation, and anti-neutrophil elastase (anti-NE) activity was determined as described previously. Inactivation of rSLPI by Cat L was assessed by measuring rSLPI's anti-NE activity following incubation of rSLPI (alone or encapsulated in liposomes) with Cat L, compared to its activity when incubated with PBS (negative control). DOPS/rSLPI dry powder was suspended in PBS with or without Cat L and incubated for 2 h at 37°C in 0.1 M sodium acetate buffer pH 5.5, containing 1 mM EDTA and 10 mM dithiothreitol. The reaction was stopped by the addition of 0.2 M Tris, pH 8.5 containing 1 μM E-64. The rSLPI samples and controls were then assayed for the remaining anti-NE activity as outlined above.
Aerosolisation of DOPS-rSLPI
Aerosolisation of the micronised dry powder formulations was achieved using a standard low resistance dry powder inhaler, the Spinhaler®. Forty-milligramme quantities of liposome powder were placed in 'size 2' gelatin capsules. The liposome powder was mixed with large carrier Dmannitol particles (sieve size 45-63 μm) in the ratio 1:1 (liposome/D-manntol) directly prior to loading into the gelatin capsule. The capsule was pierced and the contents entrained into a vacuum pump-supplied airflow connected to either a twin stage impinger (TSI) or an Andersen cascade impactor (ACI) for aerodynamic assessment of the DOPSrSLPI formulations.
TSI Analysis
After aerosolisation of liposome powder into a TSI using a flow rate of 60±5 L/min, samples from the upper and lower stages of the TSI were removed for analysis. Liposomes present in the collected samples were disrupted using Triton X-100 0.5% v/v, and the quantity of rSLPI present was assayed by RP-HPLC. The emitted dose was calculated as the sum of protein assayed in both the upper and lower impinger parts and expressed as a percentage of protein loaded into the capsule prior to aerosolisation. The fine particle fraction (FPF) was determined by assaying the lipid and protein content in the lower stages of the impinger chamber (parts E-G, as per the British Pharmacopoeia Apparatus A) and expressed as a percentage of the emitted dose. Non-respirable fraction (% NRF) is defined as sum of deposition in the upper stages of the impinger (parts B-D, as per the British Pharmacopoeia Apparatus A) and is expressed as a percentage of the emitted dose.
Andersen Cascade Impactor Analysis
The eight-stage ACI was adapted for use with the Spinhaler® DPI by operating at a flow rate of 90 l/min, with the addition of the necessary extra stages to the ACI and coating of the plates with a solution of silicon oil in hexane (1% v/v) to allow attachment of particles depositing on these plates. After assembly of the ACI apparatus, a critical flow controller (TPK) was attached and the flow adjusted until P 1 =4.0 kPa. The test time used was determined such that 4 l of air would be drawn through the inhaler, this is considered to be the normal inspiratory capacity of an average size adult male of approximately 70 kg, and flow rate stability was assured by testing for sonic (critical) flow. After aerosolisation, the apparatus was carefully dismantled, and in each of the stages, filter, throat, and preseparator were removed, rinsed in a fixed volume of PBS, the liposomes were disrupted with Triton X 0.5% v/v, and the samples were assayed for rSLPI and lipid content as described previously. The MMAD and geometric standard deviation (GSD) were subsequently calculated. The FPF was defined as the sum of depositions on stages 2 through to the filter and expressed as a percentage of the emitted dose.
Storage Stability
A storage stability study was carried out where DOPSrSLPI liposome powder was stored in sealed glass vials in a desiccator at room temperature for 5 months. In a previous study by us (24) , the storage stability study of an aqueous DOPS-rSLPI liposome dispersion was carried out by storing the dispersion in sealed glass vials at 4°C for 7 weeks. For both forms of preparation, samples were removed at weekly intervals and analysed for rSLPI content, rSLPI activity and liposome size, and rSLPI leakage due to liposome disruption. The ability of the liposomes to protect rSLPI against degradation by Cat L after storage was also examined as an indicator of rSLPI leakage.
Statistical Analysis of Results
Results were expressed as mean ± standard deviation. Where appropriate, the unpaired t test was used to determine the significance of results. In all cases, a probability value of less than 0.05 was considered to be significant.
RESULTS AND DISCUSSION
Liposome Encapsulation of rSLPI rSLPI was encapsulated in DOPS/Chol liposomes with an average encapsulation efficiency of 74.1±2.97%. The high encapsulation efficiency achieved was due to the process of 'active encapsulation', where a charged substance is encapsulated into liposomes of opposite charge (50) . Post-extrusion, the DOPS-rSLPI liposomes were 153.6±2.47 nm in size. RP-HPLC and western blot analysis were carried out to verify that rSLPI had not been cleaved during the encapsulation process. To confirm that the molecule also retained its antiprotease activity, the ability of rSLPI to inhibit NE activity in vitro was also assessed. No degradation of rSLPI was evident after encapsulation and rSLPI retained 100% anti-NE activity. Previous studies by us have shown that encapsulation of rSLPI into DOPS/Chol liposomes is also a highly efficient means of protecting rSLPI from Cat L degradation (24) . However, storage and nebulisation of aqueous liposome dispersions often lead to leakage of their cargo (17, 51) , and in our studies, leakage of rSLPI from the liposomes did occur after jet nebulisation and during their storage at 4°C rendering the leaked rSLPI vulnerable to inactivation by Cat L (24) . In order to overcome these delivery and storage issues, a dry powder for inhalation of DOPS-rSLPI was prepared.
Proteins and peptides are often stored as dry powders prior to reconstitution in order to extend their shelf life, for example, enzymes, antibodies, and many other proteins used in research as well as therapeutic proteins such as insulin, have been dried to improve their long-term stability (30, (52) (53) (54) (55) . Studies have also examined the potential of drying to enhance liposome stability. Storage of liposomes in the dry state extends their shelf life by minimising oxidation of lipids (41) , while also preventing leakage of the entrapped material (39, 40, 56) . More often, liposomes are formulated for inhalation as an aqueous dispersion due to ease of manufacture and nebulisation; however, the stability benefits associated with dry liposome powders has increased the number of studies investigating liposomes as dry powders for inhalation and many have achieved dry powder systems with aerodynamic properties suitable for efficient delivery to the lungs (56).
Optimisation of DOPS-rSLPI Powder Manufacture
DOPS-rSLPI powder was prepared by lyophilising the preparation followed by jet milling of the lyophilised powder. To determine drug and excipient losses due to processing, samples of powder were collected after each step and weighed and the total weight expressed as a percentage of the sum of all the components used to prepare DOPS-rSLPI liposomes up to that point. The yield of powder obtained after the lyophilisation step was calculated to be 86.7±2.69% (n=9). Lyophilisation of DOPS-rSLPI produced a white powder with a large median diameter of 19.2± 8.6 μm (Table I ) and poor flowability.
Micronisation of the lyophilised powder alone caused aggregation of the powder particles with no reduction in particle size to the extent that the liposome powder could not even be harvested from the jet mill. At the temperatures reached during the jet milling process, it is highly probable that phase transitions were reached and exceeded, leading to aggregation of the lipid material. Liposomes undergo various changes in their physical state depending on the lipids used in their preparation, and the temperatures they are exposed to. DOPS has quite a low transition temperature (Tm, the temperature at which the lipid changes from an ordered gel phase to a liquid crystalline phase) of −11°C. Cholesterol is frequently added to liposome formulations to limit membrane phase transition and also to strengthen and improve the fluidity of phospholipid membranes (57, 58) . However, at the temperatures reached during the jet milling process, which is variable depending on the type of material being micronised, it is highly possible that phase transitions would be reached and exceeded, leading to aggregation of liposome particles. Since the main transition temperature of D-mannitol is significantly higher at 10.7°C (59), D-mannitol is not as susceptible to the heats of jet milling as DOPS and thus can be used to facilitate micronisation of DOPS-based liposome powders.
The inclusion of inert powders for the micronisation of dried liposome powders for inhalation has only been investigated in another study (60) . D-mannitol was used for this purpose in our study. DOPS-rSLPI and D-mannitol mixtures were prepared in ratios of 1:2, 1:3.5, and 1:10 DOPS-rSLPI/ D-mannitol and subsequently micronised by jet milling. DOPS-rSLPI powder micronised with the D-mannitol micronisation aid flowed more freely, did not aggregate easily, and particle sizes within the respirable size range were readily produced. It was clear that the higher the ratio of micronisation aid to liposome included in the formulation premicronisation, the smaller the particle size and the narrower the associated size distribution that could be achieved upon micronisation. SEM images of DOPS-rSLPI liposome powders (DOPS-rSLPI/D-mannitol 1:10) before and after micronisation with D-mannitol are shown in Fig. 1 . A significant reduction in particle size after micronisation with micronisation aid is clearly evident from the SEM images, as well as an improved and more even size distribution.
The yield of rSLPI recovered after micronisation was calculated as a percentage of that initially used in the liposome formulation and found to be 44.4±7.79%, 36.1± 3.46%, and 54.7±8.27% for DOPS-rSLPI/D-mannitol 1:10, 1:3.5, and 1:2 powders, respectively. The formulations were also tested for uniformity of rSLPI content and were found to comply with the Eur Pharm specifications for uniformity of content. Moisture content is an important determinant of the storage stability of powders since moisture levels greater than 2% can lead to particle aggregation during storage (61) . This moisture-driven aggregation leads to increased particle size and results in suboptimal and inconsistent dose delivery upon aerosolisation. The moisture content of the jet-milled powder (DOPS-rSLPI/D-mannitol 1:2) was assessed using the Karl Fisher apparatus and observed to be low at 0.93±0.12% water, indicating a low tendency to aggregate.
The addition of D-mannitol, as a micronisation aid, is a novel method for micronising non-friable powders, such as liposome powders. It is hypothesised that the micronisation aid coats the lyophilised liposome particles, thus causing the powder particles to take on physical properties of the dominant powder in the mix, in this case D-mannitol, which has a higher phase transition temperature. The addition of a micronisation aid such as D-mannitol may reduce the overall plasticity of the powder particles thus minimising plastic deformation and interparticlulate aggregation, improving powder flow and enhancing particle susceptibility to fracturing upon collision. The positive influence of D-mannitol inclusion prior to micronisation was immediately apparent from the quality as well as quantity of powder collected from the jet mill, since without D-mannitol as a micronisation aid, the liposome particles could not be harvested from the jet mill. The positive effects of micronisation aid inclusion were later substantiated by more in-depth characterisation of the powder based on size analysis, morphological analysis, and aerodynamic assessment.
Effect of Processing on the Stability and Activity of DOPS-rSLPI Powder
The processes of lyophilisation and jet milling can cause instability to proteins and peptides. No evidence of rSLPI degradation was seen after lyophilisation and milling, as assessed by RP-HPLC and western blot analysis.
Any deterioration in rSLPI activity after formulating DOPS-rSLPI as a powder was assessed by testing remaining activity against NE and comparing this to the activity of an equivalent amount of rSLPI formulated as DOPS-rSLPI prior to lyophilisation (Fig. 2) . Percentage anti-NE activity assayed was 95.9±3.59% for rSLPI in micronised DOPSrSLPI powder, compared to 92.6±10.1% for rSLPI in DOPS/ Chol prior to lyophilisation. There was therefore no significant reduction in activity due to any step in the formulation process (p>0.05).
Cathepsin L Challenge of DOPS-rSLPI Powder
Despite the ability of lyophilisation to improve the stability of the formulation long-term, liposomes may be compromised during the lyophilisation and micronisation processes themselves, leading to leakage of entrapped material (57, 62) . Therefore, the ability of the lyophilised liposomes to protect rSLPI against inactivation by Cat L was assessed as evidence of rSLPI retention within the liposomes (Fig. 3) . Anti-NE activity of rSLPI remaining after incubation of resuspended DOPS-rSLPI powder with Cat L for 2 h at Fig. 2 . Anti-NE activity (for equivalent amounts of rSLPI) remaining after formulation of DOPS-rSLPI as a dry powder for inhalation n ¼ 3 AE S:D: ð Þ : Also shown is the 'Total percentage of rSLPI encapsulated' in the liposomes, expressed as the percentage rSLPI initially added to the formulation. % Activity is the anti-NE activity of rSLPI and is normalised back to standard non-encapsulated rSLPI. Double asterisks indicate a significant difference between two groups (p<0.01) 37°C was 95.8±0.28%. The activity of DOPS-rSLPI powder was comparable to that of the DOPS-rSLPI liposome dispersion that had not undergone powder formulation steps (92.6±4.4%). This demonstrates that the protection offered to rSLPI by encapsulation in liposomes did not diminish after formulating DOPS-rSLPI liposomes as a dry powder for inhalation. It also confirms that leakage of rSLPI did not occur due to dry powder processing steps since Cat L would have inactivated any free rSLPI that had leaked out of compromised liposomes.
Aerosolisation of DOPS-rSLPI Powder
The influence that the ratio of liposome powder to micronisation aid had on the aerodynamics of the DOPSrSLPI dry powder for inhalation was tested using the two mixtures that had displayed encouraging particle size characteristics, DOPS-rSLPI/D-mannitol (1:10) and DOPS-rSLPI/ D-mannitol (1:3.5). After the micronisation step, both powder mixtures were also mixed 1:1 with large D-mannitol carrier particles (45-63 μm sieve size) known to promote efficient powder deaggregation upon aerosolisation. The powders were filled into size two gelatin capsules and aerosolised using a low resistance dry powder inhaler device, the Spinhaler®. The Spinhaler® device was actuated into the TSI. The TSI apparatus was used to study the aerodynamic properties of the formulation by assessing the emitted dose (% ED), fine particle fraction (% FPF), and non-respirable fraction (% NRF). A significantly higher emitted dose of approximately 38% was achieved for the 1:10 mixture compared to the 1:3.5 mixture (p<0.01, Table II ). However, the more concentrated liposome powder (1:3.5) appeared to achieve higher % FPFs of close to 60% compared to approximately 40% for the 1:10 mixture (p<0.005, Table II) .
It is possible that the difference in % FPFs obtained from the two DOPS-rSLPI dry powder formulations may have been influenced by particle size differences (Table II) and/or the amount of powder fines (particles <10 μm) present in the formulations. When mixed with the liposome powder and placed in the jet mill, D-mannitol present here as the micronisation aid is itself micronised to a fine particle size during the jet milling process. The presence of these fine Dmannitol particles influences the aerodynamic properties of the formulation. Therefore, D-mannitol acts not only to facilitate micronisation of DOPS-rSLPI powder, but the fine D-mannitol particles present also affect the aerodynamic properties of the end product. It appears from the % FPF achieved for both DPI products, 1:3.5 and 1:10, that the extent to which aerodynamic properties of the formulations are influenced is proportional to the amount of fines present. Many studies have considered the effect of including small quantities of fine particles ('fines') on the performance of DPI products. At certain percentages, it has been shown that fines can increase the % FPF of dry powders by preferentially binding to the strongest binding sites on the large carrier particles (D-mannitol with particle size >40 μm), thus preventing strong adhesion of drug to the carrier or possibly by forming mixed agglomerates that are more easily deaggregated and dispersed during aerosolisation (61, 63, 64) . It can be surmised that the quantity of fines present in the 1:3.5 DPI formulation was beneficial in increasing % FPF. However, a higher amount of fines, such as in the 1:10 DPI formulation may prove detrimental to the aerodynamic properties by causing increased cohesive forces between the powder particles, potentially leading to ineffective deaggregation and hence poor dispersion of the powder particles upon aerosolisation. Based on these findings, it can be concluded that once the ratio of D-mannitol used in the formulation is optimised, this inert powder can play multiple beneficial roles in a DPI; its customary role in providing large carrier particles (>40 μm) with which to improve powder flow and facilitate effective deaggregation of active drug particles upon inspiratory flow, a novel role as the micronisation aid in facilitating the micronisation process, and also a role in further improving the aerosolisation of a DPI by providing fines to aid in effective deaggregation.
The ACI was used to determine the MMAD of DOPSrSLPI powder (DOPS-rSLPI/D-mannitol, 1:10). The deposition profile of rSLPI and lipid on each stage of the cascade Fig. 3 . The retained anti-NE activity of rSLPI before and after formulation of DOPS-rSLPI as a dry powder for inhalation and compared to non-encapsulated rSLPI. All samples were incubated with Cat L at 37°C for 2 h n ¼ 3 AE S:D: ð Þ . % Activity is the anti-NE activity of rSLPI. Triple asterisks indicate a highly significant difference between rSLPI Alone and each of the other two groups (p<0.0001) % FPF and % NRF are expressed as a percentage of the emitted dose % ED percent emitted dose, % FPF percent fine particle fraction, % NRF percent non-respirable fraction impactor is shown in Fig. 4 . The presence of non-encapsulated rSLPI could play a role in the deposition difference seen between lipid and active proteins since the smaller molecular size of the rSLPI alone compared with DOPS-rSLPI will have a significant effect on their deposition pattern, as previously seen for liposomal dry powders of β-glucuronidase prepared for pulmonary delivery by Lu et al. 2005 (65) . The MMAD was calculated to be 2.44±0.12 μm with an associated GSD of 2.03±0.10. The % FPF obtained was similar to that seen for TSI analysis at 33.3±6.46%. DPI devices of a higher resistance than the Spinhaler® device used would be expected to generate greater air turbulence sufficient to cause deaggregation of the powder and achieve even higher % FPFs. However, the % FPFs achieved by both DOPS-rSLPI powder formulations were still satisfactory with % FPFs comparable to those achieved by liposomal powders for inhalation documented elsewhere (56, 66, 67) . Finally, a post-aerosolisation comparison between the DOPS-rSLPI powder and aqueous dispersion in terms of their respective abilities in retaining rSLPI encapsulation within the liposomes, thus protecting rSLPI from enzymatic inactivation, was carried out using a cathepsin L challenge. Samples to be assessed were removed from the lower stage of the Twin Stage Impinger. Non-encapsulated rSLPI, aqueous DOPS-rSLPI dispersion post-nebulisation, and DOPS-rSLPI dry powder post-aerosolisation were all challenged with Cat Percentage anti-NE activity of non-encapsulated rSLPI and rSLPI encapsulated in DOPS-rSLPI liposomes and nebulised and DOPS-rSLPI dry powder for inhalation after incubation with Cat L for 2 h at 37°C n ¼ 3 AE S:D: ð Þ . % Activity is the anti-NE activity of rSLPI and is normalised back to standard non-encapsulated rSLPI. Triple asterisks indicate a highly significant difference between each of the three groups (p<0.0001) Fig. 6 . Remaining anti-NE activity of rSLPI in DOPS-rSLPI powder incubated with cathepsin L (Cat L) for 2 h at 37°C, freshly prepared; after storage for 5 months at room temperature; data for aqueous dispersion stored for 7 weeks at 4°C taken from reference (24) n ¼ 3 AE S:D: ð Þ. % Activity is the anti-NE activity of rSLPI and is normalised back to standard non-encapsulated rSLPI L for 2 h, and the level of anti-NE activity remaining was determined. rSLPI anti-NE activity after aerosolisation of DOPS-rSLPI powder by a DPI and challenged with Cat L was 95.84±0.28% compared to 46.8±4.8% for nebulised DOPS-rSLPI aqueous dispersion (Fig. 5) . These results indicate that the dry powder offers significantly more protection for rSLPI compared to the nebulised dispersion due to leakage of rSLPI from the aqueous liposome dispersion during the nebulisation process (p<0.0001).
Storage Stability of DOPS-rSLPI Powder
Samples of DOPS-rSLPI powder (1:10 DOPS-rSLPI/Dmannitol) were stored in sealed glass vials in a desiccator at room temperature for 4 months as a long-term storage study. Samples were removed from storage periodically and the stability of rSLPI tested. RP-HPLC and western blot analysis indicated that rSLPI remained uncleaved and anti-NE assays indicated that rSLPI remained active throughout the storage period. The ability of the liposome carrier to protect rSLPI against inactivation by Cat L after storage was also assessed. The rSLPI activity remaining for DOPS-rSLPI powder stored for 5 months at room temperature and incubated with Cat L was 85.1±5.8% and not statistically different from that of freshly prepared, aqueous DOPS-rSLPI incubated with Cat L that retained 92.6±10.1% activity (Fig. 6) . In a previous study by us, storage of aqueous DOPS-rSLPI liposome dispersion at 4°C for just 7 weeks rendered rSLPI anti-NE activity after incubation with Cat L at 80.4±3.5% (24) , but this was not a statistically significant difference from the anti-NE activity retained by freshly prepared aqueous DOPS-rSLPI after incubation with Cat L of 92.6±10.1%; however, when size analysis and size distributions were compared in both DOPSrSLPI aqueous dispersion and powder after storage, a significant difference was observed in the change in particle size and size distribution over the storage period. The liposomes stored in aqueous dispersion increased in size and size distribution by a factor of 1.35 and 3, respectively, compared to values at the beginning of the storage study (24) , while the liposome powder formulation did not alter in size or size distribution throughout the 5 months of storage, suggesting that the powder formulation is a more stable formulation in terms of these measured physical properties and remains so for at least 5 months at room temperature compared to the aqueous dispersion stored at 4°C for 7 weeks.
CONCLUSION
A novel method for the preparation of liposomal dry powders for protein delivery via the lungs was developed, which offers the convenience of dry powder inhalation with the additional benefits of improved liposome integrity during aerosolisation and size stability during storage.
Using D-mannitol as a micronisation aid, dry powder particles in the inhalable size range <5 μm were prepared by jet milling lyophilised DOPS-rSLPI powder. Aerosolisation of the DOPS-rSLPI dry powder mixed in a ratio of 1:10 with micronisation aid (DOPS-rSLPI/D-mannitol) produced an emitted dose of 38%, with an MMAD of 2.44 μm. When challenged with cathepsin L, the liposome dry powder was significantly superior at retaining its protective role against enzymatic inactivation of rSLPI compared to the aqueous dispersion post-nebulisation. In addition, the liposome powder was more stable physically in terms of retaining liposome size stability after storage at room temperature for 5 months. Formulation of DOPS-rSLPI liposomes as a dry powder for inhalation significantly enhances the overall stability of this liposome product during both aerosolisation and storage, when compared to the aqueous liposome dispersion.
